The unique combination of small size, translucency, and powerful genetic tools makes 22 larval zebrafish a uniquely useful vertebrate system to investigate normal and pathological brain 23 structure and function. While functional connectivity can now be assessed (via fluorescent 24 calcium or voltage reporters) at the whole-brain scale, it remains challenging to systematically 25 determine structural connections and identify connectivity changes during development or 26 disease. To address this, we developed Tracer with Restricted Anterograde Spread (TRAS), a novel 27 vesicular stomatitis virus (VSV)-based neural circuit labeling approach. TRAS makes use of 28 replication-incompetent VSV (VSV∆G) and a helper virus (lentivirus) to enable anterograde 29 transneuronal spread between efferent axons and their direct postsynaptic targets but restricts 30 further spread to downstream areas. We integrated TRAS with the Z-Brain zebrafish 3D atlas for 31 quantitative connectivity analysis and identified targets of the retinal and habenular efferent 32 projections, in patterns consistent with previous reports. We compared retinofugal connectivity 33 patterns between wild-type and down syndrome cell adhesion molecule-like 1 (dscaml1) mutant 34 zebrafish and revealed differences in topographical distribution and potential changes in the 35 retinofugal targeting of excitatory versus inhibitory retinorecipient cells. These results 36 demonstrate the utility of TRAS for quantitative structural connectivity analysis that would be 37 valuable for detecting novel efferent targets and mapping connectivity changes underlying 38 neurological or behavioral deficits. 39 2016). 51
Introduction 40
The function of the brain is closely linked to its structure, how its billions of constituent 41 cells are wired and connected by trillions of synapses. Understanding how these connections are 42 formed and maintained is key to gaining mechanistic insight towards brain function and 43 identifying the causes and treatments for neuropsychiatric disorders (Belmonte et al., 2004; Lynall 44 et al., 2010; Fornito et al., 2015) . Techniques for mapping the structure and function of the brain 45 have progressed rapidly in past decades, from anatomical structural analysis to functional 46 computation, and from human participants to animal models (Kasthuri et al., 2015; Glasser et al., 47 2016) . However, the large number of neurons and vast spatial scale of neuronal structures (from 48 meters to nanometers) of the mammalian brain makes mapping neuronal networks at the cellular 49 level and correlating them with development and disease a daunting task (Swanson and Lichtman, 50 6 unrestricted, making it difficult to disambiguate direct (monosynaptic) and indirect (polysynaptic) 81 connections. Second, replication-competent VSV and VSV-G expression are cytotoxic and lead to 82 rapid deterioration of health in larval zebrafish (Hoffmann et al., 2010; Mundell et al., 2015) . 83
Finally, there is no established method for quantifying and annotating viral labeling in zebrafish, 84 which is necessary to correlate anatomical tracing with functional imaging. 85
In this study, we developed a novel approach utilizing replication-incompetent VSV to 86 achieve restricted anterograde transneuronal spread in zebrafish. We also developed an imaging 87 and processing pipeline to register 3D image stacks to the widely used and extensively annotated 88 Z-Brain digital atlas (Randlett et al., 2015) . This method, termed TRAS (Tracer with Restricted 89
Anterograde Spread), allows for a quantitative description of efferent connectivity based on 90 neurotransmitter types and specific locations. We applied TRAS to investigate the axon projection 91 patterns of retinorecipient cells and identified potential connectivity changes in zebrafish carrying 92 a mutation in down syndrome cell adhesion molecule-like 1 (dscaml1), a causal gene for autism 93 spectrum disorder and human cortical abnormalities (Fuerst et al., 2009; Iossifov et al., 2014; 94 8 Viral supernatants were collected for the subsequent three days at 24-hour intervals and 121 combined. Cell debris was precipitated by centrifugation at 1,000 g for 20 min. To concentrate 122 VSV∆G, viral supernatant was ultracentrifuged for three hours at 80,000 g with an SW32Ti rotor, 123 and the pellet was resuspended in 100 µl of culture medium. Viral stocks were titered by serial 124 dilution on 90% confluent 293T cells. The number of fluorescent foci was calculated at two days 125 post infection (dpi) by identifying RFP-positive cells. Typical viral titer was higher than 1x10 9 focus 126 forming units/ml (ffu/ml). 127
For in vitro trans-complementation of VSV∆G with lentivirus, BHK-21 cells (ATCC, #CCL-10) 128
were seeded into 96-well plate and incubated overnight to reach 20,000 cells per well. Cell culture 129 was co-infected with VSV∆G (m.o.i.=0.005) and VSV-G pseudotyped lentivirus (m.o.i.=0-10,000) 130 (lentivirus-SIN-CMV-eGFP or lentivirus-SIN-Ubi-iCre-mCherry; GT3 Core Facility of the Salk 131 9 (BP123-10; Fisher Scientific) as the injection marker. 2 µl of injection solution was loaded into the 141 injection needle with a Microloader pipette tip (930001007; Eppendorf), and mounted into a 142 microelectrode holder connected to a pneumatic PicoPump (PV820; World Precision 143 Instruments). Injection volume was determined by calibrating the volume of the injected droplet 144 on a stage micrometer (50-753-2911; Fisher Scientific). The hold pressure of the PicoPump was 145 adjusted so that there was a slight outflow of virus solution when the needle tip was immersed 146 in fish water. 147
For retina injection, 2.5 or 3 dpf larvae were anesthetized in Tricaine (0.013% w/v, 148 AC118000500; Fisher Scientific) mounted laterally inside the center chamber of a glass-bottom 149 dish (P50G-1.5-14-F; MatTek) with 1.5% low melting-point agarose (BP1360; Fisher Scientific). 150
After the agarose has solidified, the dish is filled with Tricaine solution (0.013%) to maintain 151 anesthesia. Under a stereo dissecting microscope (SMZ18; Nikon), the needle tip was moved with 152 a micromanipulator (MN-151; Narishige) to approach the fish from the rear and penetrated the 153 temporal retina, with the needle tip being in the neural retina. 0.25-0.5 nl of virus solution 154 (concentrations as described in the Results section) were injected inside the retina. After injection, 155 larvae were recovered from the agarose and returned to a 28°C incubator. Overall, the 156 combination of VSV∆G and lentivirus (i.e., TRAS) only labeled cells in areas innervated by or For all quantitative analysis involving selective labeling for primary retinorecipient cells, we used 162 viral titers that did not result in secondary spread (VSV∆G at 3x10 7 ffu/ml and lentivirus at 3x10 10 163 ffu/ml). 164
For habenula injection, 3 dpf larvae were mounted as described for retina injection, with 165 the dorsal side up. The agarose and skin above the left habenula were carefully removed with a 166 sharpened tungsten needle (10130-05; Fine Science Tools). The injection needle tip was inserted 167 into the left habenula and remained there for 5 s, allowing the slow outflow of virus solution 168 (VSV∆G at 3x10 8 ffu/ml, lentivirus at 1x10 11 ffu/ml) to immerse the surrounding tissue. At 1 dpi, 169 larvae with habenula-specific RFP expression were screened and later fixed at 3 dpi for 170 immunohistochemistry and confocal imaging. 171
Immunohistochemistry 172
Whole-mount immunohistochemistry was performed as described by Randlett et al. 2015 173 (Randlett et al., 2015 . Zebrafish larvae were fixed overnight with 4% PFA and 0. 25% Triton X-100 174 (Fisher Scientific) in 1X PBS (diluted from 10%PFA; Polysciences), then washed with 1X PBS and 0. 175 25% Triton X-100. H2B-GCaM6f was stained with FluoTag-X4 anti-GFP (N0304-At488; NanoTag); 176 GABA was stained with Rabbit anti-GABA (A2052; Sigma-Aldrich); ERK1/2 was stained with mouse 177 anti-ERK1/2 (4696S; Cell Signaling Technology). The sRIMS solution, which is D-Sorbitol (Sigma-178 Aldrich) dissolved in PBS with 0.1% Tween-20 (Fisher Scientific) and 0.01% Sodium Azide, was 179 used for optical clearing (Yang et al., 2014) . Samples are immersed for 15 min (or until sunken to 180 the bottom of the Eppendorf tube) through a gradient series (8.75% to 70%) of D-Sorbitol. 181
Image acquisition 182
Epifluorescence images of cultured cells were acquired under a Nikon Eclipse Ts2 inverted 183 fluorescent microscope. Images of zebrafish were acquired using a Nikon A1 laser scanning 184 confocal system with a CFI75 Apochromat LWD 25x water-immersion objective. For TRAS 185 quantification, image stacks were acquired at a standard resolution of 0.49 x 0.49 x 2.0 µm 3 per 186 voxel. For efferent tract tracing, a standard resolution stack and a high-resolution stack (0.38 x 187 0.38 x 0.5 µm 3 per voxel) were acquired for each fish. 188
Efferent tract tracing 189
Standard resolution image stacks were morphed to the Z-Brain elavl3:H2B-RFP template 190 using CMTK (Randlett et al., 2015) . High-resolution stacks were then morphed to its 191 corresponding low-resolution stacks to register to Z-Brain coordinates. Morphed high-resolution 192 stacks were imported into the neuTube software for tracing, in accordance with the neuTube 193 online manual (https://www.neutracing.com/manual/) (Feng et al., 2015) . The SWC files were 194 saved and imported into Fiji plugin "Simple Neurite Tracer" then saved as an overlay. 195
TRAS quantitation with Z-Brain 196
Image stacks used for cell-type characterization were morphed to the Z-Brain elavl3: H2B-197 RFP template using CMTK, using the GCaMP6f channel as reference (Randlett et al., 2015) . After 198 morphing, the Fiji software's ROI manager (Analyze>Tools>ROI manager; extra-large size dot) was 199 used on the VSV∆G channel to mark all VSV∆G+ cells. The marked positions (ROIs) were saved 200 into a zip file and overlaid onto the GCaMP6f channel. The ROIs that were GCaMP6f-negative 201 were removed so that the remaining ROIs represented TRAS-labeled neurons (neuronal ROIs). 202
Next, the neuronal ROIs were overlayed onto the GABA channel to create two subsets: the GABA+ 203 ROIs (inhibitory neurons) and GABA-ROIs (excitatory neurons, created by subtracting the 204 neuronal ROI with the GABA+ ROIs). Lastly, these two ROIs were overlaid onto a Z-brain reference-205 sized (X:Y:Z=1121x496x276 µm 3 at 0.8x0.8x2 µm 3 per voxel) blank stack, with inhibitory neuron 206
ROIs pseudocolored magenta and excitatory neuron ROIs pseudocolored green. 207
To quantitate the anatomical distribution of retinorecipient cells, we followed the 208 procedures for Z-Brain MAP-map analysis, but with several modifications (Randlett et al., 2015) . 209
Instead of using the MakeTheMAPmap.m MATLAB script, we used a custom Fiji macro script to 210 create an image file. The image file which was quantified using a modified 211
ZBrainAnalysisOfMAPmaps.m script that quantify sum pixel intensity values for neuronal ROIs 212 within each region mask. The output Intensity values were converted to cell counts, based on an 213 estimate of the pixel values generated from a single-cell ROI (~18,265). For heatmap display and 214 cohort-wise comparison of individual regions, the intensity signals for each fish were normalized 215 by the total signal from "Diencephalon" and "Mesencephalon." The numbers were then imported 216 into MATLAB to make a scaled color map using "imagesc" function. 217
Analysis of topographical distribution 218
To analyze the topographical distribution of wild-type and dscaml1-/retinorecipient cells 219 ( Fig. 5 ), the ROI files from all fish within a cohort were combined into a single zip file and overlayed 220 into a Z-Brain compatible blank stack, as described previously for single fish ROI image files. ROI 221 files from individual fish from the same genotype were combined into a single zip file. The x-y-z 222 coordinates of each ROI dot were used in "scatter3" function in MATLAB to create 3-D scatter 223 plots. The same coordinates were imported into GraphPad for analysis of distribution properties. 224
The cumulative frequency statistics were done using the K-S test provided within the Prism 225 software (GraphPad). 226
Excitatory/Inhibitory ratio 227
The total number of neurons in the dscaml1-/cohort (267) was normalized to the total 228 number of wild-type neurons (340), and the normalized increase of 27.34% in mutants was 229 proportionally applied to individual anatomical regions and rounded up to a whole number. 230
Excitatory-to-inhibitory neuron number ratios were calculated based on the estimated number 231 of neurons within each anatomical region. In order to obtain valid ratio values, only regions with 232 non-zero values were used for ratio analysis. 233
234

Results
235
Trans-complementation of VSV∆G by VSV-G coated lentivirus 236
For both VSV and RABV, the envelope glycoprotein (G) gene is essential for binding, 237 retina infection and RFP labeling of the optic nerve, but no cellular labeling in the brain ( Fig. 1D -263 E). This suggested that VSV∆G was not released from axon terminals to initiate a new cycle of 264 infection in the brain. When low (5x10 9 ffu) or high titer lentivirus (2x10 10 ffu) was co-injected 265 with VSV∆G (10 8 ffu/ml), we observed cellular labeling in the brain in both conditions, with more 266 spread in injections with high titer lentivirus ( Fig. 1F-G ). This agrees with our in vitro results and 267 indicates that high titer lentivirus can trans-complement VSV∆G, allowing viral spread from axon 268
terminals. 269
The ability of lentivirus to trans-complement was not dependent on what the lentivirus 270 genome encodes. Two types of VSV-G coated lentivirus were tested (lentivirus-SIN-CMV-eGFP 271 and lentivirus-SIN-Ubi-iCre-mCherry). Both were able to mediate trans-complementation, and 272 neither were able to drive transgene expression (eGFP and iCre-mCherry, respectively) on their 273 own in fish at 6 dpi. Lastly, we asked whether VSV∆G could self-complement at higher titer since 274 VSV∆G itself was also enveloped in VSV-G. Indeed, high titer VSV∆G (2x10 9 ffu/ml) could spread 275 from the RGC to retinorecipient cells in the brain (Fig. 1H ). Together, these results show that VSV-276 G from different viral particles could be recycled to form infectious VSV particles. 277
Restricted anterograde spread of VSV∆G in the zebrafish visual pathway 278
Since lentivirus was supplied at the injected site, only neurons at the injection site (starter 279 cells) should be able to mediate spread. The spread from the starter cells should be limited to 280 direct postsynaptic targets, i.e., anterograde monosynaptic spread. To test this, we examined 281 whether the spatial and temporal patterns of VSV∆G spread were consistent with monosynaptic 282 spread from retinal ganglion cells (RGCs) to retinorecipient neurons in the brain. 283 VSV∆G and lentivirus were coinjected into anesthetized 3 dpf zebrafish larvae, followed 284 by live confocal imaging at different time points (n=8 animals). Initial RFP expression from VSV∆G 285 was present in the injected (left) eye as early as 5-hours post infection (hpi) ( Fig. 1I ). Cellular 286 labeling in the contralateral (right) brain was observed at 1 dpi, and more cells were labeled at 3 287 dpi ( Fig. 1J-K) . At 6 dpi, there was no further spread to other brain regions, compared to 3 dpi ( retinorecipient neurons, to our best knowledge, has not been reported previously. These axon 307 projections extend rostrally to enter the subpallium and then courses dorsally to the caudal 308 pallium. Some axons crossed near the anterior commissure. These pallium-projecting neurons 309 may serve similar roles as the mammalian lateral geniculate neurons to relay sensory information 310 to higher visual areas (Mueller, 2012). These results show that TRAS could be used to identify not 311 only postsynaptic cells but also downstream areas innervated by these cells. 312
3D mapping and cell-type characterization 313
To quantify connectivity patterns, we registered TRAS-labelled image stacks to the Z-Brain 314 zebrafish brain atlas (Randlett et al., 2015) . Transgenic fish expressing neuronal-localized nuclear 315 GCaMP6f (elavl3:H2B-GCaMP6f) were injected at 2.5 dpf, into the temporal region of the left eye 316 (representing the frontal visual field). Infected larvae were fixed at 3 dpi and stained with anti-317 GFP (to amplify the GCaMP6f signal) and anti-GABA. Stained samples were then cleared in sRIMS, 318 a sorbitol-based mounting media that was crucial to resolving single cells and axon tracts in the 319 ventral brain (Yang et al., 2014) ( Fig. 3A-B , Supplementary Figure S2 Figure S3 ). The overall 333 ratio of excitatory versus inhibitory cells was similar between wild-type and dscaml1-/cohorts 334 (p=0.515, Chi-square= 0.424). The annotated stack could be viewed with the Z-Brain off-line 335 viewer and overlaid with anatomical annotations and reference stacks therein (Randlett et al., 336 2015) . 337
We also verified that Z-Brain registered stacks could be used as templates for tracing the 338 efferent projections of retinorecipient cells (Fig. 4C ). We acquired both high-resolution and low-339 resolution image stacks for the same fish and used the high-resolution image stacks for tracing 340 and low-resolution image stacks as the template to register to Z-Brain. We observed ipsilateral 341 and commissural axon tracts, with morphologies that are similar to the tectal efferent tracts In addition to normal patterns of retinofugal connectivity, TRAS and Z-Brain can be used 345 to investigate retinofugal connectivity patterns in mutants with visual deficits. We focused on 346 We first asked whether loss of dscaml1 affected the topographical distribution of 354 retinorecipient neurons (340 and 267 in wild type and dscaml1-/-, respectively) ( Fig. 5 ). As the 355 initial site of viral infection was in the temporal retina, these retinorecipient neurons likely 356 respond to frontal visual stimulus. The overall distribution was similar between cohorts along the 357 three cardinal axes, but the proportion of retinorecipient cells was significantly shifted in the 358 rostral-caudal and lateral-medial axes. Along the rostral-caudal axis, both excitatory and 359 inhibitory retinorecipient neurons from the dscaml1-/cohort were more rostrally distributed, 360 compared to wild type (p<0.001 and p<0.05 for excitatory and inhibitory neurons, respectively. 361 K-S test). Along the dorsal-ventral axis, the effect of dscaml1 deficiency was milder. dscaml1-/-retinorecipient cells were more dorsally distributed, compared to wild type, but only for 363 excitatory neurons (p<0.05, K-S test). There were no differences in lateral-medial distribution. 364
These results suggest that loss of dscaml1 may affect the topographic mapping of visual inputs, 365 particularly along the rostral-caudal axes. 366
Next, we focused on the distribution of retinorecipient cells within specific annotated 367 brain regions. We adapted the Z-Brain quantification tools to measure the sum pixel intensity 368 derived from TRAS-labeled cells for each region (see methods). Among regions defined by 369 anatomy (i.e., not defined by transgene expression), 16 were found to contain, on average, at 370 least 1 retinorecipient cell per animal in the wild-type cohort ( Fig. 6A, Supplementary Figure S4 ). 371
Two major brain divisions, the mesencephalon and rhombencephalon, encompassed all of the 372 retinorecipient cells. Within these divisions, the retinorecipient cells are located within 373 subregions corresponding to known to receive retinofugal input, including the preoptic area, 374 hypothalamus, thalamus, eminentia thalami, pretectum, and optic tectum (tectum neuropil, 375 tectum stratum periventriculare, and medial tectal band) ( (Li and Dowling, 2000) . We also identified several retinorecipient areas that, to 379 the best of our knowledge, had not previously been identified (torus semicircularis, tegmentum, 380 posterior tuberculum). 381
In general, the same areas were innervated in both wild-type and dscaml1-/cohorts, thalami and intermediate hypothalamus) (Fig. 6A-B ). This result indicates that major 384 retinorecipient areas are innervated by the optic nerve in the dscaml1-/animals. Interestingly, 385 the ratio of excitatory versus inhibitory retinorecipient cells (E/I ratio) was more variable in the 386 dscaml1-/cohort, compared to wild type. This was true both for major brain divisions 387 (diencephalon vs. mesencephalon) and subregions ( Fig. 6C-D) . A possible explanation for this 388 might be that loss of dscaml1 affects the targeting of specific cell types within each retinorecipient 389 region. 390
TRAS mapping of habenular-recipient neurons 391
Finally, to test whether TRAS can be applied more generally to other CNS neuronal 392 populations besides RGCs, we examined efferent targeting from the left habenula ( . TRAS labeling and image 398 registration were performed as described above, except that virus were injected in the left 399 habenula of wild-type fish. Registered image stacks from five animals with selective left habenula 400 labeling were combined ( Fig. 7A-B ). We observed consistent labeling of the habenular axon tract 401 and the characteristic annular axon terminals in the IPN. Cell bodies near IPN axon terminals were 402 manually marked ( Fig. 7C-D) . Consistent with previous findings, habenular target cells we labeled 403 within the IPN and raphe nucleus (Amo et al., 2010) . A group of labeled cells is located 22 immediately dorsal to the annotated superior raphe nucleus in Z-Brain, which are likely glial cells. 405
These results demonstrate the general applicability of TRAS for mapping targets of efferent axons. 406 407
Discussion
408
In this study, we developed TRAS, a new method for monosynaptic anterograde labeling 409 in larval zebrafish. This method was applied to the retinofugal pathway and also validated in the 410 habenula efferent pathway. We showed that TRAS could be combined with the Z-Brain image 411 registration and quantitation pipeline to identify changes in retinofugal connectivity patterns 412 caused by the loss of dscaml1. These results demonstrate the broad utility of TRAS for neural 413 circuit studies in zebrafish. 414
Trans-complementation of VSV∆G by lentivirus 415
The structure and function of VSV-G have been extensively studied in the context of viral 416 entry, membrane fusion, toxicity, and subcellular transport (Dotti and Simons, 1990 To address these limitations and provide a tool for neural circuit mapping for larval 444 zebrafish, we developed TRAS. TRAS utilizes recombinant VSV with genomic deletion of the 445 glycoprotein gene (VSV∆G). VSV∆G can infect cells at the injection site but cannot spread. 446
Although wild-type VSV does not cause serious illness to humans, the use of VSV∆G further 447 reduces the risk of exposure (Spickler, 2016) . The lack of VSV-G expression from the viral genome 448 also helps reduces toxicity to the host cell, as long-term VSV-G expression is known to be cytotoxic 449 (Yee et al., 1994) . To complement VSV∆G, we directly provided VSV-G protein, utilizing lentivirus 450 as the transducing reagent. Compared to transgenic or virus-induced expression, this approach is 451 rapid and transient, therefore minimizing the cellular exposure to VSV-G. Both VSV∆G and VSV-G 452 coated lentivirus are available from a commercial source, making TRAS an easy method to adopt 453 in a typical neuroscience laboratory. 454
To extend the utility of TRAS, we developed procedures to register brain images to the Z-455
Brain anatomical template (Randlett et al., 2015) . The combination of neural circuit tracing within 456 a standard 3D-brain atlas is the current state of the art approach for understanding neural 457 provides a more objective way to map cells and pathways onto specific brain regions across 460 different experimental animals and promotes cross-referencing between research findings. 461
We demonstrated that TRAS and Z-Brain could be used for neural circuit mapping in 462 efferent pathways originating from the retina and the left habenula. These are two of the better-463 studied pathways in larval zebrafish, which allowed us to assess the specificity of TRAS for 464 anterograde labeling of direct postsynaptic targets. Overall, TRAS identified all of the target 465 regions described in previous studies, which gives confidence to the future application of TRAS to 466 map unknown neural connections in zebrafish. Furthermore, given that VSV is also an 467 anterograde tracer in mice and chicken, it will be interesting to test whether TRAS can be applied 468 to these experimental systems for neural circuit mapping (Mundell et al., 2015) . 469
Limitations and the future development of TRAS 470
While TRAS offers many advantages as a neural circuit mapping tool, it is important to 471 note some of the limitations of the technique. These are also areas with potential for further 472 technological development. First, since VSV-G binds to a receptor that is widely expressed (LDL 473 receptor) (Finkelshtein et al., 2013), VSV-G coated viruses (e.g., VSV∆G and lentivirus) can infect 474 most cell types. Therefore, the specificity of TRAS depends on precise injection into the brain 475 region of interest. For brain regions smaller than the habenula, a compound microscope with DIC 476 optics would be necessary. To restrict infection to a particular cell type, it may be possible to make 477 use of ASLV-A pseudotyped VSV∆G that can selectively target neurons expressing an exogenous Third, we observed TRAS labeling of cells that do not express the HuC:H2B-GCaMP6f 489 transgene (non-GCaMP cells), which may be glial cells. While not frequently discussed, viral 490 transmission from neuron to glia does occur for most viral transsynaptic tracers, including PRBV, 491 HSV, RABV, and VSV (Beier, 2019) . In a replication-competent virus, the infection of glia and 492 subsequent spread to neurons would make it challenging to infer connectivity. This issue is 493 circumvented in TRAS, as VSV∆G cannot spread after glial infection (due to the lack of VSV-G). 494
Nevertheless, this highlights the importance of distinguishing bona fide neurons versus other cell 495 types in any type of transsynaptic labeling study. 496
Lastly, quantitation by Z-Brain depends on morphing and registration of image stacks to a 497 reference template, followed by manual identification of labeled neurons. This approach is 498 suitable to test the effects of single genes or pathological states, but likely too laborious as a 499 screening tool to identify candidate genes or screen drugs. Selective fluorescent labeling of 500 neuronal cell bodies (without labeling neurites) and automation of cell detection would be a 501 crucial next step to improve the utility of TRAS. 502
Connectivity patterns associated with dscaml1 deficiency 503
The ability to quantitate efferent connections prompted us to investigate whether TRAS 504 can be used to identify connectivity deficits caused by dscaml1 deficiency. As mentioned 505 previously, human DSCAML1 mutations are believed to be causative for neurodevelopmental 506 disorders. Additionally, our recent work has found that loss of dscaml1 significantly impaired 507 visuomotor function associated with light perception and eye movements, suggesting a possible 508 underlying deficit along the visual pathway (Ma et al., 2019) . 509
Using TRAS and Z-Brain quantification, we found that dscaml1 deficiency might have a role 510 in refining the retinofugal topography and cell-type specificity. On a broader scale, we saw similar 511 patterns of topographic and region-specific projections between wild-type and dscaml1-/-512 cohorts (Fig. 6, 7) . This indicated that RGC axonal targeting was mostly intact in the dscaml1 513 mutants. Interestingly, there was a significant rostral shift in the position in both excitatory and 514 inhibitory retinorecipient cells. Given that RGC axon terminals and retinorecipient cells are both 515 topographically organized, this shift in positioning may result in diminished spatial perception 516 (Stuermer, 1988; Muto et al., 2013; Robles et al., 2014) . We also observed a trend for altered ratio 517 of excitatory versus inhibitory retinorecipient cells in the dscaml1 mutants. For example, the 518 preoptic area and tegementum have higher a ratio of inhibitory neurons in the dscaml1 mutants, 519 compared to wild type. This putative change in retinofugal target selection could lead to network 520 changes and altered visual response. Further physiological studies will be needed to formally test 521 whether dscaml1 affects spatial perception and the excitatory/inhibitory balance in the visual 522 pathway. 523
Conclusions 524
Here we present the development of a new technique (TRAS) that is suitable for mapping 525 neural connectivity in zebrafish. TRAS makes use of a novel lentivirus trans-complementation 526 approach to enable restricted anterograde transneuronal spread by recombinant VSV. We have 527 validated this method in two efferent pathways and identified potential connectivity 
